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Introduction
The spinal cord is composed of distinct cell types, including those cells that make up the anterior and posterior spinal arteries, spinal branches, and spinal veins. Vascular cells in the spinal cord depend on adhesive membrane proteins expressed, particularly, by endothelial cells or local extracellular chemotactic proteins for sculpting and maintaining a connective layered scaffold between the arterial and venous systems [1] . This requires that during central nervous system (CNS) development, differentiated cells become dispersed and positioned correctly, often over long distances, from sites in the early neural tube to final sites in the segmented spinal cord [2] . If this cell-to-cell guidance milestone fails to materialize, it is conceivable that a hugely disorganized and dilated vascular network generates upon full spinal cord maturation with serious pathologic implications (Fig. 1 ). For instance, during the formation of spinal dural arteriovenous fistula (SDAVF), an abnormally aligned connection between radicular arteries and venous plexus is established within ventral Competing Interests: The authors have declared that no competing interests exist. * Corresponding author.
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Available online at www.sciencedirect.com (anterior; motor) and dorsal (posterior; sensory) aspects of nerve roots [3] . As its name implies, SDAVF is localized to the dural sleeve of a nerve root and the striking hyperplastic feature of the fistula leads blood from the arterial system to directly be shunted into the venous plexus with reduced vascular resistance and, importantly, without the inclusion of the capillary network to regulate unidirectional blood flow [4] . The end result of this abnormal blood flow is the "arterialization" of the venous plexus with subsequent impediment bouts of venous drainage that commonly lead to venous congestion, venous hypertension, intramedullary edema, and localized nerve cell hypoxia [3e6] . If this particular clinical phenotype goes unrecognized and left untreated, SDAVF can cause serious venous infarction, subarachnoid hemorrhage, and irreversible progressive ascending myelopathy [3, 7] . Understanding the mechanisms of such variable expressivity will undoubtedly provide critical pathophysiological clues [8] .
Rigorous attempts to diagnose SDAVF require using structural magnetic resonance imaging (MRI) approaches to reveal dilation of the perimedullary veins and discrete spinal cord enlargement gradients [9] . In addition, T2 signal abnormalities within the conus medullaris can also be used for precision diagnosis [3,5e7] . Although MRI is useful in identifying structural differences in spinal cord appearance among patients, spinal angiography is the gold standard in localizing vascular malformations and confirming degrees of arterial drainage outflow [3, 6, 7, 10] . Although these imaging advances do not yet deliver a complete picture of the architecture of SDAVFs, there is sufficient information to draw some general conclusions.
SDAVFs are also known as type I spinal vascular malformations with a relatively low incidence of clinical presentations (5e10 individuals per million in the general population) [3, 7] . Although small effect size common variants to larger effect size rare mutations are thought to provide casual anchors from which to understand SDAVFs, it is not known whether other, as-of-yet-unknown factors, may contribute to spinal cord vascular pathology with parent-oforigin effects. However, we cannot exclude the possibility of sporadic rather than familial estimates, contributing to disease onset and disease progression. Regardless of heritable estimates or rates of de novo point mutations, 80% of clinical cases are diagnosed in males, with 66% of these patients presenting with manifestations of vascular disease in their sixth or seventh decade [5, 7] . Against this background, we describe here the clinical history of a female patient with SDAVF, highlight the challenges reflected in the heterogeneity of the syndromic diagnoses, and discuss treatment options and complications of disease pathology characterized by abnormally aligned endothelial blood vessels.
Case report
A 67-year-old white female presented to the emergency department with an acute onset of numbness and tingling in the hips and legs after going shopping. She then drove to work and was not able to exit her car upon arrival due to muscle weakness. This was accompanied by a short episode of 5/10 midsternal chest pain and anxiety. Two weeks prior, she had a similar episode of sensorimotor symptoms, which resolved spontaneously. The patient also reported a 1-month history of ON and OFF cold-like symptoms and oral/buccal cold sores. Past medical history included hyperlipidemia which was controlled with appropriate diet.
The patient was awake, alert, and oriented with signs of tachycardia with otherwise stable vital signs on physical examination. The neurologic examination in the emergency department was significant for decreased muscle strength (0/5) and decreased sensation (4/5) in the lower extremities, as well as decreased rectal tone. A lack of sensation in the lower extremities was found with the greatest degree of sensation Fig. 1 e SDAVFs are localized to dural sleeves of nerve roots. This simplified schematic diagram shows that under pathologic conditions, blood is supplied to a SDAVF lesion by dural arteries (not shown) and then drained in a retrograde manner to normal venous flow through a medullary vein into the coronal venous plexus. Due to the aberrant arteriovenous architecture, the venous system (coronal venous plexus via the medullary vein) receives arterial blood that is "arterialized." This leads to venous congestion, which can put pressure on the spinal cord to produce clinical symptoms. Although direct evidence is missing, a modified vascular phenotype may be the result of changes in adhesive properties or the expression of specific differentiation-promoting (e.g., FOXO1) or differentiation-inhibiting factors that code for uncoordinated vascular hyperplasia (e.g., VEGFA; PI3K-AKT), vessel diameter malformation, and/or aberrant endothelial cell growth (e.g., MEKK3-KLF2/4). FOXO1, forkhead box O; VEGFA, vascular endothelial growth factor A. loss in the toes. An additional physical examination finding was obesity with a body mass index of 27.8.
Consultations were requested from Cardiology, Neurology, and Neurosurgery departments. Laboratory testing revealed elevated troponins with a normal echocardiogram. Initial testing with unenhanced MRI of the lumbar spine demonstrated abnormal thoracic spinal cord expansion in the region of T11eT12, increased fluid signal within the cord at these levels as well as crowding of the cauda equina nerve roots. Nonecontrast-enhanced MRI of the lumbar spine was also performed and demonstrated the same findings at T11eT12 levels with no significant pathology within the lumbar spine (Figs 2A and B) .
Initial diagnostic impression was spinal cord infarct versus transverse myelitis. The patient was placed on steroids for spinal cord edema and observed closely. Elevated troponins were attributed to myocarditis as opposed to acute coronary syndrome. The patient, accordingly, was placed on statins, beta-blocker, and continuous EKG monitoring.
Further workup included a lumbar puncture with cerebrospinal fluid analysis, which was unremarkable. A contrast-enhanced MRI of the entire spine was performed, which redemonstrated edema within the spinal cord at T11eT12 levels. The MRIs additionally revealed numerous abnormally dilated vascular structures within the thoracic and lumbar epidural space, consistent with SDAVF syndrome (Figs 3A and B) . The topographic location of the SDAVF explained the spinal cord edema seen at T11eT12 levels, as well as the patient's sensorimotor complaints and physical examination findings in the lower extremities and anal sphincter. Abnormal flow dynamics within the spinal cord, secondary to the arteriovenous fistula, was presumed to be causing cord ischemia and edema. The patient was transferred to an outside facility for spinal angiogram to further define specific vessel involvement and to formulate an effective therapeutic treatment.
The patient was sedated with general anesthesia for the spinal angiogram procedure. A right groin common femoral artery puncture was performed for vascular access, using a micropuncture kit and 5-French sheath. Selective spinal angiography was initiated using a 4-French Shepherd Hook catheter, at the levels of L2eL3, bilaterally (Fig. 4) . In a second stage, selective angiography of the bilateral intercostal arteries from T8eT12 was performed. Normal spinal cord vascular anatomy was observed, including a radiculomedullary branch off of the left T9 artery supplying the anterior spinal axis. Multiple dilated anterior and posterior spinal veins were observed in the thoracic spinal canal. Specific significant findings during angiography were an epidural fistula supplied by the right L1 and L2 arteries draining into the right L2 radicular veins. Associated venous hypertension was demonstrated by observing slow emptying of the anterior spinal artery and slow filling of the spinal cord veins at the above spinal levels. These findings were discussed with referring neurologists and neurosurgeons, and the decision was made to treat the aforementioned patient with embolization.
In the same procedure, super-selective angiography and endovascular embolization with N-Butyl Cyanoacrylate and platinum microcoils of the leading L1 and L2 arteries were performed. Complete angiographic obliteration of the fistula was successful. An angiogram at the end of the procedure demonstrated resolution of the epidural fistula and improvement in venous hypertension (Figs 5A and B) . The patient also experienced immediate improvement in sensorimotor symptoms, which progressed with each postoperative recovery day. She regained full lower extremity muscle strength, sensation, and anal sphincter tone. A postoperative MRI demonstrated expected improvement in spinal cord edema as well as decreased abnormal spinal vascular engorgement. The patient was discharged a few days after treatment, on her lipid-lowering medications. She does not have complaints related to her prior sensorimotor symptoms and continues to follow with her primary physician.
Discussion
Our female patient presented to the emergency department with nonspecific symptoms of paresthesia (numbness and tingling) in the hips and legs. This initial self-report is by itself highly ambiguous as the aforementioned symptoms might also be indicative of sciatic nerve compression or sciatic nerve palsy, restless legs syndrome, peripheral diabetic neuropathy, chronic low back pain with radiculopathy, Guillain-Barr e syndrome, or Sjogren's syndrome. All of these should be considered in the differential diagnosis of SDAVF as they are specifically characterized by numbness and tingling of the limbs, particularly if there is compression of the lumbar nerve roots. To confirm or rule out SDAVF, structural MRI and neurophysiological tests (e.g., electromyography) are essential tools to discriminate idiopathic sensorimotor-signaling disorders. In our clinical case, we did not apply electromyography or nerve conduction tests to interrogate sensory abnormalities of the bilateral lower extremities. Although electrophysiological examination is thought to be the best diagnostic technique in phenotyping diseases with pure sensory involvement [7, 9] , numbness and tingling phenomena as a result of lesions to the dorsal column spinal cord lemniscus pathway can only be seen in structural MRIs [9, 11] .
Neurologic examination of our female patient revealed nonexisting muscle strength in the lower extremities relative to the upper extremities, where muscle strength thresholds were sufficiently noted. Decreased muscle strength with restricted range of motion, spasticity, and/or edema is often symptomatic of corticospinal tract impairment within the anterior lumbar columns of the spinal cord [9] . Again, accurately diagnosis of discrete lesions to lumbar spine regions requires CNS imaging to initially characterize sensorimotorsignaling disorders with relative precision. Unenhanced MRI of the lumbar region of the spinal cord indeed revealed active vasogenic edema in our female patient, a neurologic finding that supports compression of spinal cord and adjacent nerve roots. Structural MRI analyses with contrast-enhanced methods further buttressed the above neurologic finding as aberrant dilated, and sprouting vascular vessels within the spinal canal were visualized in the T2-weighted images. The specificity of structural MRIs along with certain pathologic features, particularly the presence of tortuous blood vessel fiber arrangement and microscopy edema, is highly indicative of SDAVF pathology.
It should be noted that our female patient also exhibited a clinical history of hyperlipidemia and elevated serum levels of troponins as well as cold sores and anxiety-like symptoms. Troponins may be indicative of myocardial necrosis in acute cardiovascular syndromes [12] . However, their implication in the absence of clinical evidence of cardiac pathology was not established in our female patient. Along the same lines, facial dermatoses (e.g., cold sores) and anxiety-like symptoms might be viewed as accessory symptoms to self-reporting acute episodes of paresthesia. In this context, stress, mood states, and changes in immune and neuroendocrine physiology might significantly impact psychomotor indices of sensorimotor-signaling disorders [13] . Indeed, there is evidence of an inflammatory constituent present in major depressive and anxiety disorders that may contribute to the development or exacerbation of a number of medical diseases, perhaps including, SDAVF [14, 15] . Regardless, cognitive impairment and depression/anxiety phenomena not only significantly impact therapy outcome(s), but might also be representative indices of vascular pathology before objective confirmation of SDAVF can be made.
An interesting fact about the incidence of SDAVF pathology is that it is predominantly biased toward males [3] . Sexdependent differences are obvious phenotypic traits across the spectrum of health and disease, particularly in areas such as pain and pain perception, autoimmune disorders, aging and longevity, vascular disease, and affective disorders [16e19]. The brain is indeed highly dimorphic in terms of functionality, and although sex-dependent differences vary according to neuroanatomic location, interaction among genes, gonadal, and brain-borne steroid hormones, epigenetic, and environmental factors play critical roles in determining how certain diseases become differentially established in the genotype of male or female nervous systems. SDAVF might be one of the nervous system diseases that is qualitatively different between male and female patients. The reasons for this are not entirely clear, but there is compelling evidence for steroid hormones modulating CNS networks and contributing to repair mechanisms within damaged neural circuits [16] . Our female patient at the time of presentation was 67 years of age, with significant decreases in estrogen levels which combined with cellular aging pathways may have increased sex-specific periods of vulnerability to SDAVF. Understanding the potential underlying mechanisms driving sex-dependent differences and their relevance to SDAVF pathology is critical for guiding the development of novel therapies.
As discussed in the introductory paragraphs, the formation of blood vessels in the brain and spinal cord requires proliferation of endothelial cells [2] . In this context, blood vessels must sprout, elongate, form lumens, and regress in an orderly fashion, a key developmental program that appears to be driven, at least in part, by the fork-head box O (FOXO1) transcription factor [20] . If FOXO1 is deleted, at least in experimental animals, hyperplasia and blood vessel dilation is produced suggesting that FOXO1 is a critical molecule for endothelial growth and vascular expansion. Other signaling molecules involved in angiogenesis, the process through which new blood vessels arise from existing ones, also include vascular endothelial growth factor A (VEGFA) and the PI3K-AKT pathway, a signaling pathway downstream of VEGFA [20] . VEGFA and PI3K-AKT, in addition to adhesive proteins and chemotactic factors, appear to contribute substantially to the full differentiation of the CNS vasculature [21] .
As these molecules precisely guide vascular architecture during embryonic development, what is the relevance of signaling molecules to SDAVF pathology? At the present time, it is unclear the mechanistic role of adhesive molecules, vascular cells, or large-scale chemotactic networks to the pathogenesis of SDAVF. However, in cerebral cavernous malformation, an inherited and sporadic vascular disease that promotes strokes and seizures in young patients, the causal mechanism appears to be related to gain of MEKK3-KLF2/4 signaling in the brain endothelium [22] . Thus, transcriptional signaling events that specifically drive fiber caliber and lumen formation may contribute to the burden of vascular malformations more broadly than previously appreciated. Continued investigation of such causal mechanisms is essential for progress in understanding the architecture of blood vessels formation and their relationship to sensorimotor-signaling disorders.
In conclusion, SDAVF is a discrete lesion within the spinal cord with numerous signaling cellular pathways proposed to have casual roles. This inherited or sporadic vascular malformation typically presents in males in the fifth to sixth decade, with progressive paraplegia. Similar to the case of our patient, there is usually an associated bladder or bowel dysfunction with the progression of disease. At the gross or macroscopic level, SDAVF is thought to arise as a result of extradural venous thrombosis causing progressive pressure gradients on the spinal venous system. Clinical outcome depends on the duration of symptoms and whether there is irreversible damage, such as spinal cord infarcts [23] . Our patient seems to have presented to the emergency department quite early in the course of her disease, with a short history of sensorimotor symptoms, as well as reversible pathology as demonstrated by the results of diagnostic and therapeutic spinal angiogram(s). Furthermore, postprocedural MRI demonstrated immediate improvement in spinal cord signaling events, suggesting the reversibility of the patient's condition. Given her rapid improvement in anal sphincter tone, she appears to have fared better than most patients who suffer from this disorder, as they usually do not fully recover from bladder or bowel dysfunctions. r e f e r e n c e s
